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Abstract 
As a key precursor for nitrogenous compounds and fertilizer, ammonia affects our lives in 
numerous ways.  Rapid and sensitive detection of ammonia is essential, both in environmental 
monitoring and in process control for industrial production. Here we report a novel and 
nonperturbative method that allows rapid detection of ammonia at detection levels of only a few 
thousand molecules, based on the non-contact, all-optical detection of surface-enhanced Raman 
signals. We show that this simple and affordable approach enables ammonia probing at selected 
regions of interest with high spatial resolution, making in situ and operando observations possible. 
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Introduction 
Ammonia is key to many chemical technologies that drive world economies1, 2, being the 
major source for fertilizers for agriculture/food production3 and directly used in multitude of 
industrial processes4. Ammonia analyses are critical for water quality control5, exhaust gas 
sensing6, 7, monitoring and process control in industries of new chemicals, plastics and 
pharmaceutical. It is also critical in detection of combustibles8, detonation and propulsion 
processes. Moreover, it is at heart of our quest to find alternative routes of nitrogen fixation 
mechanisms for large-scale ammonia generation, that are more efficient, energy saving and carbon 
dioxide footprint free9. In all of these processes, rapid and sensitive detection of ammonia is 
critical, thus driving a need for reliable ammonia sensing technologies. Current detection concepts 
are based on various “wet chemistry” processes and devices -  electrochemical sensor devices10-12, 
metal oxides13-20, catalytic polymer21-28, inkjet printing films29, polymer hybrid framework30. 
Spectroscopic methods for ammonia detection include nuclear magnetic resonance (NMR)9, 31 and 
optical spectroscopy in almost every part of electro-magnetic spectrum, ranging from the 
ultraviolet32 to the far IR branch33-38. 
Among the full arsenal of ammonia detection methods12, spectroscopic approaches are of 
particular interest as they provide direct information on chemical content and unambiguously 
identify the presence of the target molecular compound even at low concentrations. Traditionally, 
nuclear magnetic resonance spectroscopy (NMR) has been the method of choice for sensitive 
ammonia detection9, 31.  NMR provides chemical selectivity and high sensitivity down to 3 M of 
the target and it is rightfully among the most trusted approaches. However, complex 
instrumentation and large required sampling volumes (>0.5 mL) constitute serious limitations. 
More importantly, prompt to contamination, the NMR approach relies on using isotope labeling, 
which renders even routine experiments very expensive and limits applications mainly to 
fundamental research in laboratory environments. 
At present, the most popular and widely adopted optical methods are based on colorimetric 
approaches and their experimental derivatives39. A popular solution employs the Berthelot reaction 
between ammonia, chlorine and phenolic compounds, resulting in blue coloration of an indophenol 
dye that can be easily detected by conventional spectrometers35. This approach allows ammonia 
detection with an impressive sensitivity, down to several tens of ppb (parts per billion) 35, 36, 40, 41. 
While considered as the “gold standard”, the blue indophenol method requires time-consuming 
sample handling. An aliquot of >1 mL has to be collected from the chemical reactor and mixed 
with toxic, sample-altering reagents, followed by tens of minutes of aging prior to spectroscopic 
analysis. 
In this context, the availability of a detection method for ammonia and its derivatives that 
is robust, affordable, and universally applicable would be highly desirable. We envision that 
simplicity, speed, sensitivity, affordability and reliability are five crucial ingredients to advance  
ammonia sensing and making it more accessible for both laboratory and field use. Existing 
spectroscopic methods do not allow tracking of small changes in the concentration of ammonia 
and intermediate species on-site, not to mention in situ or operando observation in situations where 
the reaction mechanisms are not known. Most spectroscopic techniques and sensor approaches are 
directly or indirectly vulnerable to external laboratory or field environment, jeopardizing 
reliability. While NMR and colorimetric methods excel in detection limits for overall 
concentration, it is important to remember that both approaches rely on the need for relatively large 
sensing volumes. For instance, strong signals are observed for a 1 ml volume at <1 ppm (parts per 
million) concentrations, which contains 1015-1017 molecules of ammonia. For fundamental 
research, this means even greater number of molecules has to be produced at reactor heart to fulfill 
volume and sensitivity requirements for further analysis. This obstacle is elegantly overcome using 
surface-sensitive IR absorption spectroscopy, which is based on the principle of total attenuated 
reflection (ATR-FTIR)42, 43. This approach uniquely probes molecules produced right on the 
surface of electrode. It is a relatively fast and non-perturbative technique, requiring only tens of 
seconds for spectral acquisition. At the same time, the fixed experimental geometry, the necessity 
to isolate the IR light from the laboratory environment and the need for additional chemicals limit 
a broader implementation of the method. 
In this work, we present a novel approach to ammonia detection, enabled through the use 
of surface-enhanced Raman scattering (SERS). This is a simple, fast yet sensitive method that 
provides chemical selectivity to ammonia and does not rely on complex sensor design, specific 
beam path geometry or chemical modifications of the solution. The method allows observation of 
amount as little as 104-105 molecules that can be detected locally at the region of interest, which 
paves the way to ultrasensitive operando electrochemical experiments. The following corresponds 
to sub 1 ppm concentrations to be measured in just under 1s. 
 
 
Figure 1. (a) Spontaneous Raman spectrum of bulk ammonia solution (0.3 wt%, 30000 ppm). 
Column bars indicate positions of theoretically predicted bending, stretching and rocking modes 
of ammonia related formations. (b) main ammonia related vibrations presented in stretching modes 
spectral region. 
 
Results 
Figure 1a shows a representative spontaneous Raman spectrum of a concentrated ammonia 
solution spanning the molecular fingerprint region and the stretching modes of N-H, O-H and C-
H related complexes. To understand the signatures of this spectrum, we performed a normal mode 
frequency analysis for ammonia and its aqueous formations via density functional theory (DFT) 
calculations, visualized in Figure 1b. These formations are addressed thoroughly in previous works 
and are most widely accepted contributors to vibrational spectrum of ammonia aqueous solution37, 
38, 44-51 - ammonia (NH3), ammonium ion (NH4+), ammonia dimer (NH3-NH3), ammonia-water 
complex (NH3-H2O) and solvated ammonia complex (not shown in Figure 1). Positions and 
relative intensities of the observed lines and their corresponding theoretical predictions are in 
excellent agreement. For more details on the DFT calculations and a table of the mode frequencies, 
see Methods and Supplementary Information. 
Though not very bright, several lines from monomer and dimer complexes are clearly 
visible in the fingerprint spectral region (Figure 1a, inset). Theory shows that, in contrast to the 
ammonia molecule, the ammonium ion should have the strongest presence in this frequency range  
Formation Spectral position Intensity Assignment 
NH3 
3409.0 cm-1 36.8 NH asymmetric stretching 
3309.8 cm-1 155.8 NH symmetric stretching 
NH4+  
3380.0 cm-1 16.8 NH asymmetric stretching 
3276.8 cm-1 101.0 NH symmetric stretching 
NH3-NH3 
3441.0 cm-1 76.2 NH asymmetric stretching 
3438.0 cm-1  7.8 NH asymmetric stretching 
3402.3 cm-1  48.2 NH asymmetric stretching 
3369.5 cm-1  15.6 NH asymmetric stretching 
3315.4 cm-1 341.6 NH symmetric stretching 
NH3-H2O 
3545.6 cm-1 175.0 OH stretching (H-bonded) 
3410.9 cm-1 35.3 NH asymmetric stretching 
3389.2 cm-1 33.0 NH asymmetric stretching 
3305.0 cm-1 155.31 NH symmetric stretching 
 
Table 1. Main ammonia related vibrations presented in stretching modes spectral region. For full 
mode list, please, see Supplementary Table ST1. 
 
through a 1476 cm-1 contribution of a N-H deformation mode. Yet, the experimental absence of 
this line is confirmed through the evaluation of the NH3 / NH4+ mole ratio by pH measurements 
(see Methods). It should be noted that even 100 ppb ammonia dissolved in neutral pH solution 
consists of 95% ammonia molecules compared to ammonium ions. This agrees well with 
spectroscopy data, where only a broad line comprised of H-N-H bending of NH3, NH3-NH3 and 
NH3-H2O complexes is observed. 
In contrast to the weak vibrational features in the fingerprint range, the stretching modes 
reveal clear signatures of ammonia’s presence with intensities that are two orders of magnitude 
higher than fingerprint modes, in full agreement with DFT predictions. The origin of the peaks in 
this spectral region and their positions has been thoroughly studied 16, 37, 38, 46, 48 with the main 
peaks outlined in Table 1. From the perspective of relative intensities, the highest Raman signal 
corresponds to the N-H symmetric stretching mode that clearly stands out against the broad and 
complex O-H stretching band of water. According to DFT calculations, the asymmetric N-H 
stretching has 4 to 5 times smaller Raman intensity, but strongly contributes to the broad profile 
of the overlapping water signals. Ujike et al. obtained the normal mode frequencies of the ammonia 
molecule, ammonia-ammonia dimer and ammonia-water dimer by means of the GF matrix 
method38. In this method, the constants of the force matrix were determined from a direct fitting 
of the experimental data. In contrast, our approach utilizes force derivate matrices determined from 
first principles and as such relies on basic physical parameters of the compounds involved. For the 
ammonia monomer molecule, we obtained excellent agreement between this approach and 
previous works38, 52. However, for the complex dimer formations there are significant 
discrepancies. While the lowest energies for ammonia and ammonia-water dimers have been 
determined at 3217.4 cm-1 and 3044.1 cm-1, respectively38, first principles anharmonic frequency 
calculations for dimer modes of NH3-NH3 and NH3-H2O do not differ by more than 10 cm-1. 
Moreover, our theoretical study did not find any ammonia normal modes at the lower energy side 
from the main peak at 3260 cm-1. The broad profile on which the main peak rests can be assigned 
to a distribution of additional contributions from solvated ammonia species, i.e. molecules that are 
engaged through multiple hydrogen bonds. At the high energy side of the band, our predictions 
match previous estimates for ammonia-water complexes with non-bonded and bonded O-H 
stretches at 3989 cm-1  and 3721 cm-1 48 (not shown in Figure 1b, see Supplementary Table ST1). 
The strong peaks from the symmetric N-H stretch at ~3300 cm-1 provide an opportunity to 
employ these spectroscopic signatures for tracing ammonia molecules or related reaction pre-
cursors. However, due to the presence of the substantial water background and the weak response 
in the fingerprint range, Raman spectroscopy has long been considered unsuitable for ammonia 
detection. Indeed, regular Raman scattering is blind to solutions with concentrations below 1000 
ppm (Figure SF1). To heighten and discriminate molecular signatures from the strong aqueous 
signals we employed surface-enhanced Raman scattering (SERS) – a well-known approach to 
detect analytes down to single molecule limit53, 54. The broadly accepted electromagnetic theory 
for enhancement relies on excitation of localized surface plasmons (LSP), which provide strongly 
localized fields that can enhance the optical response of molecules in their vicinity. Surprisingly, 
SERS has not been specifically utilized for ammonia detection, though some basic principles of  
the effect in relation to ammonia has been demonstrated in 1984 in work by Sanchez et al.55 Further 
studies on detection of ammonium nitride revealed sensitive detection limits in fingerprint branch 
56, even though all the observed and discussed lines are not related to NH3, but rather NO3-. 
Recently the possibility of ammonia detection with excitation on the slope of plasmonic resonance 
has been discussed 57, 58. In this work, an elegant implementation of SERS detection for live 
reaction monitoring was discussed with acquisition time constants of ~10 seconds. While the 
authors focused mainly on the fingerprint region and sidebands from probable ammonia-water 
dimers, no stretching peak of the NH3 monomer has been observed in operando experiments. 
 
Ammonia detection with commercial SERS substrates 
For our first initial demonstration of ultrasensitive ammonia detection via SERS we used a 
conventional confocal microscopy setup and commercially available SERS substrates (SERStrate, 
Silmeco, Denmark). The substrates consist of leaning silicon nanopillars covered with silver59. The 
structure forms a rather dense and homogeneous distribution of metal covered clusters of 50 nm – 
100 nm with corresponding plasmonic resonances that closely match the excitation wavelength of 
532 nm. The aqueous ammonia solution was confined between the SERS substrate and the 
microscope slide, with the Raman signal collected in the epi-geometry by a water immersion 
objective and coupled into a CCD-based spectrometer (Figure 2a, see Methods for details). The 
setup was used in two regimes – confocal and wide-field approach (Figure 2b and 2c). The 
confocal collection geometry allows probing of fine local ammonia concentrations at the region of 
interest. For the given experimental conditions and the numerical aperture of the collection 
objective, this volume corresponds to only ~1.2 m3 or 1.2 fL of solution being probed. To enable 
excitation within a wider region of interest, the beam was focused at the back aperture of the 
excitation/collection objective and the imaging aperture/slit was effectively removed from the 
image plane. The latter allowed for an increased focal volume by almost an order of magnitude, as 
well as a more effective use of the detector area without significantly losing spectral resolution. 
Hence, this wide-field imaging mode greatly improves detection sensitivity (Figure SF2). 
A typical SERS spectrum of an aqueous ammonia solution is shown in Figure 3, acquired 
using confocal geometry and at only 200 ppm concentration (Figure 2b). Strong ammonia SERS 
signals clearly overcome the water background compared to the spontaneous Raman signal of the 
bulk solution. The bright line around ~3260 cm-1 indicates high sensitivity to the symmetric N-H  
 
 
 
 
Figure 2. Concept of experimental approach. (a) Epi detection of Raman signal, (b) confocal 
detection for high spatial resolution, (c) wide-field detection approach for large volume probing. 
 
stretching mode with an improvement of the detection limit by a thousand-fold relative to regular 
Raman spectroscopy. The spectral shift (~50 cm-1) and line broadening are anticipated due to the 
molecule-surface interaction, with the main line of the NH3 monomer changed from 14 cm-1 (for 
spontaneous Raman) to 30 cm-1 (for SERS). Overall, the spectral shape corroborates theoretical 
predictions and can be closely reproduced with a simple Gaussian broadening of the NH3 monomer 
and NH3-H2O dimer modes (see Table ST2). Note the rather strong presence of additional spectral 
structures around 2930 cm-1 that were not visible in spontaneous Raman measurements of bulk 
solution (Figure SF2a), but are found at certain locations on the substrate through SERS (Figure 
SF3). Further experiments confirmed that these signals do not scale similarly with ammonia 
concentration and N-H related bands. These lines were also occasionally observed in SERS of pure 
Millipore water. Additional experiments and simple line shape analysis suggest that these signals  
 
 
Figure 3. Calculated modes for ammonia related structure overlaid with SERS spectrum of 200 
ppm ammonia solution. Red curve is visualization through using Gaussian line shapes at predicted 
theoretical positions for NH3 and NH3-H2O only. Exposure time 0.3 s. 
 
can be assigned to the strong C-H stretching modes of occasional organic contamination on the 
plasmonic structure (Figure SF4). These characteristic modes in the C-H stretching spectral range 
are well known, and can be confidently used for identifying organic species in bio-related 
environments.60, 61.  
The SERS signal dependence on the ammonia concentration gives rather important insights 
into the actual chemical content of the solution. As observed in Figure 4a, for higher concentration 
solutions the ammonia-related bands dominate the bulk water background with broad and rich  
 
Figure 4. Concentration dependence studies. (a) Spectral evolution as a function of ammonia 
concentration. (b) Integrated intensity of 3260 cm-1 spectral line. Blue straight line represents 
linear function with slope 1. Inset: Gaussian fit of ammonia related line for 200 ppm solution. 
 
spectral features in the stretching mode region. With a decrease of concentration, the spectrum 
evolves into a steady plateau – the broad O-H spectrum of bulk water molecules. A detailed 
analysis of the integrated intensity for the bright spectral feature around 3260 cm-1 reveals clear 
linear behavior as a function of ammonia concentration (Figure 4b). The following means that 
signals in this range are dependent on complexes that contain a single NH3 molecule, i.e. the NH3 
monomer and the NH3-H2O dimer, as any signal response from NH3-NH3 dimers is anticipated to 
be quadratic. We stress that all observations are fully reversible when concentration levels are 
changed on the same SERS substrate, as shown in Figure SF5. This points to the absence of a 
strong chemical interaction with the metal surface, and thus allows reversible use of the sensor 
over a large dynamic range of the ammonia concentration. 
Figure 4 and Figure 5 illustrate the detection sensitivity of the approach. We note that all 
spectra have been acquired without any signal processing, modulation or electronic filtering. 
Acquisition times did not exceed 2 s to reveal the true and unperturbed potential of the method.  
 
Figure 5. Fast detection of low amount of ammonia using commercial Ag-coated Si nanopillars 
substrate. Exposure time 1s. 
 
For the given plasmonic structure, collection efficiencies and experimental geometries, 1 ppm 
concentrations of ammonia can be clearly observed for measurement times of 1 s or less. For longer 
acquisition times of 1 to 2 seconds the detection limit of few hundreds of ppb is easily attainable 
(Figure 5). Besides the sensitivity in overall ammonia concentration, another useful metric for 
sensitivity is the actual number of molecules probed. For the confocal geometry experiments with 
a 1.2 fL probe volume, a 1 ppm concentration corresponds to only 104-105 molecules – the amount 
necessary for spectroscopic observation (Table ST3). Though this molecular detection limit is 
already significantly smaller compared to competing methods, these numbers are still conservative 
estimates. The estimation relies on the total amount of molecules in the confocal volume with 
Rayleigh range of about ~1.5 m. In reality, only those molecules that are in near-field proximity 
(<1 nm) to the metal structure are contributing to the signal. Thus, the actual number of sampled 
molecules may still be a few orders of magnitude smaller. In the wide-field illumination approach, 
the surface area efficiently increases just under ten times, thus probing a greater number of 
molecules contained within the detection area. 
 
Figure 6. Fast detection of low amount of ammonia using drop casted Ag ink on a glass slide. (a) 
Optical image of dried Ag ink, (b) SEM image of dried Ag ink, (c) SERS signal on custom made 
SERS substrate. Exposure time 1 s. 
 
Ammonia detection on Ag ink 
We have performed further experiments based on a similar detection concept, but that 
employs less sophisticated plasmonic structures to explore more affordable sensor alternatives. 
For this purpose, we used a commercially available Ag ink (Sigma Aldrich), based on metal 
nanoparticles. This material is widely used for printable conductors, antibacterial material filters, 
thin film electronics, etc. This particular ink is based on silver particles (d90 = 115 nm, d50 =70 nm) 
with plasmonic resonances that match our previous experiments. When drop casted and dried on 
mica glass slide, the colloidal suspension forms a homogeneous mirror-like film. Optical 
microscopy and SEM images of the film are shown in Figure 6a and Figure 6b, respectively. 
Despite its simplicity, the ink-based SERS substrate permits clear observations of signals with a 
sub-1ppm detection limit for ammonia. Although the enhancement, spatial distribution and 
reproducibility are not on par with commercial SERS substrates, the approach can be improved by 
adopting better controlled and cleaner printing procedures. 
Discussion 
The SERS method discussed in this work offers a new approach for detecting ammonia and related 
complexes with a chemical sensitivity that is competitive with that of other spectroscopic 
techniques, while at the same time being straightforward and affordable in its implementation.  
While for the low limit of detection the method is already on par with other spectroscopic 
techniques, in terms of actual number of molecules sampled for producing detectable signals it 
performs >10 orders of magnitude better than most other techniques. The approach is capable to 
enter the “single molecule” detection regime, as concentrations below 100 ppb correspond to only 
a hundred molecules within the near-field interaction distance of the sampled region of interest. 
However, such sensitivity does not come at the expense of long acquisition time. The acquisition 
speed easily allows live observations – sub-second detection of only a few thousands of molecules 
at the region of interest makes in situ monitoring of chemical reaction possible.  
As an optical-based approach, it allows distant, nonperturbative (non-consuming) probing, 
thus offering clean and reliable experiments, insensitive to contamination from spurious ammonia 
of the surrounding environment. Moreover, molecules do not appear to strongly bind to the surface, 
making observations reversible as the molecular content is changed. 
The practical implementation of the concept introduced in this work can be significantly 
improved, in particular in terms of speed and sensitivity. The SERS signal enhancement factors 
rely on the interplay between spectral position of the plasmonic resonance, excitation source 
wavelength and the intrinsic spectral response of the molecule. Thus, fine-tuning of the metal 
particle size and the structure arrangement may result in a significant improvement of detection 
limits. Whereas commercially available SERS substrates are excellent initial choice, they require 
complex production and are currently too expensive for up-scaling. We demonstrate that simple 
deposition of colloidal silver ink on the substrate of choice already gives comparable results. 
Hence, the method does not require special facilities and procedures to produce affordable SERS 
sensors. 
Lastly, the simplicity of the method is of key significance to broad implementation. With 
flexible beam positioning, measurements can be performed at any region of interest within a given 
environment or chemical cell. Through point scanning or a wide-field imaging mode, the method 
allows sampling of the spatial distribution of ammonia content. This flexibility has the potential to 
provide important insights in underlying reactions mechanisms, which is especially relevant for 
solid-liquid interfaces. In addition, in our experiments with confocal signal collection we have 
used no more than 1.5 mW CW laser light, light dose that are easily attained with compact and 
inexpensive laser diode modules. Furthermore, the method can be adapted for use with lower 
numerical aperture lenses, whereby the lower collection efficiency is offset by a larger illumination 
area. By probing a greater number of molecules in larger spot sizes, long focusing approach may 
prove to be advantageous for sensing needs that do not require spatial confinement and resolution. 
As underlined in this work, the Raman spectrum in the N-H stretching region is rich in NH3 
related signals. Detection of this broadband spectral region, as opposed to the narrow NH3 
monomer line alone, will result in drastic improvements of detection limits. The large Stokes shift 
of this spectral window makes it possible to use simple colored glass Schott filters, rather than 
expensive sharp-edge Raman dichroic mirrors. Finally, conventional single-pixel Si detectors can 
be used. Though cheap and affordable, such detectors can match standard charged-coupled 
devices, when using photo-multipliers and avalanche mode detectors can even boost the 
sensitivity. All these potential simplifications will allow the design of a simple and robust device 
to be used for field research or in-line production. 
Ammonia detection method through SERS converges simplicity and affordability with 
speed and sensitivity. It has potential to be greatly popularized and help to overcome several 
roadblocks that has been slowing fundamental and applied chemical research in these areas for 
many decades. 
 
Materials and methods 
Solution preparation and pH measurement. Samples of ammonia solutions were prepared by 
diluting 56 wt% ammonium hydroxide (NH3  H2O) solution (VWR) with Millipore water. As 
results, concentrations of 0.1 ppm, 0.5 ppm, 1 ppm, 3 ppm, 5 ppm, 10 ppm, 20 ppm, 50 ppm, 100 
ppm, 200 ppm, 500 ppm, 1000 ppm and 0.3 wt% (30, 000 ppm) ammonia solutions were made, 
based on the weight of NH3 monomer and H2O molecules.  
In order to estimate the ratio of ammonia molecule (NH3) and ammonium ions (NH4+), the pH 
values of ammonia solutions were measured. Specifically, the pH of pure Millipore water was 
measured at ~6.6 due to slight dissolving of ambient carbon dioxide. The pH values of 0.1 ppm, 
10 ppm and 500 ppm solution were 10.7, 10.2 and 11.1 respectively. The NH3/ NH4+ ratio was 
simply estimated by the acidity of ammonium (pKa = 9.25), according to: 
logଵ଴ ሺNHଷ NHସାሻ⁄ ൌ pH െ pKa 
As results, the ammonia molecule (NH3) content of all dilute ammonia samples were above 95 %, 
as compared to ammonium ions (NH4+). 
Density Function Theory calculation. The calculation of vibrational modes and Raman 
intensities were performed using Gaussian09 quantum chemistry program62 at the M06-2X/aug-
cc-pVTZ level of theory52. The structures of the ammonia molecule, ammonium ion, ammonia-
ammonia dimer and ammonia-water dimer were first optimized using tight convergence criteria 
and ultrafine integration grid after which the harmonic frequencies were calculated. To account 
for the anharmonic effects, which influence the frequencies of the stretching modes the most, 
anharmonic frequencies of the stretching modes were calculated using numerical differentiation 
along corresponding vibrational modes as implemented in the Gaussian09 software. To study the 
change in the Raman spectra of the ammonia molecule and ammonia-water dimer due to the 
solvation, we also tested a model of fully solvated ammonia. The model was built by solvating 
ammonia-water dimmer with additional 12 water molecules after which the system was optimized. 
The number of water molecules was chosen to create a cluster in which ammonia-water dimmer 
would be fully surrounded by water molecules. 
Plasmonic structures. Commercial SERS substrates SERStrate (Silmeco, Denmark) has been 
used. Substrates are based on leaned Si nanopillars covered with Ag resulting in resonance around 
550 nm. For custom made silver nanoparticle SERS substrate commercially available Ag ink 
(Sigma Aldrich) has been used. The ink comprises silver nanoparticles of about 100 nm size and 
is pre-characterized by the vendor using optical and electron microscopy approaches. 
Raman microscopy. Raman experiments has been performed on custom modified Renishaw 
InVia Raman microscope. 532 nm SSDP laser was used as excitation source. All excitation and 
collection of Rama signal were done using 60x, 1.2NA water immersion objective (Olympus). For 
wide-field imaging beam was focused on input aperture of objective and slit opened to 100 μm 
size, corresponding to increase of spectral resolution to 9 cm-1. For confocal experiments 1.5 mW 
at 532 nm has been used at the sample. For wide-field images 30 mW has been used to compensate 
change of the energy flux. 
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Formation Spectral position Intensity Assignment 
NH3 
3409.0 cm-1 36.8 NH asymmetric stretching 
3309.8 cm-1 155.8 NH symmetric stretching 
 3309.8 cm-1 155.8 NH symmetric stretching 
 1660.4 cm-1 1.25 H-N-H bending 
 1660.0 cm-1 1.25 H-N-H bending 
 1033.1 cm-1 0.57 umbrella motion 
 3177.2 cm-1  bending overtones 
 3190.7 cm-1   bending overtones 
NH4+  3380.0 cm-1 16.8 NH asymmetric stretching 
 3276.8 cm-1 101.0 NH symmetric stretching 
 1717.4 cm-1 3.5 H-N-H bending 
 1717.9 cm-1 3.5 H-N-H bending 
 1476.4 cm-1 146.7 NH deformations 
 1476.3 cm-1 146.7 NH deformations 
 1476.1 cm-1 146.7 NH deformations 
 3332.3 cm-1  H-N-H bending overtones 
 3334.5 cm-1  H-N-H bending overtones 
 2838.4 cm-1  NH deformation overtones 
 2851.9 cm-1  NH deformation overtones 
 2860.6 cm-1  NH deformation overtones 
NH3-NH3 3441.0 cm-1 76.2 NH asymmetric stretching 
 3438.0 cm-1  7.8 NH asymmetric stretching 
 3402.3 cm-1  48.2 NH asymmetric stretching 
 3369.5 cm-1  15.6 NH asymmetric stretching 
 3315.4 cm-1 341.6 NH symmetric stretching 
 1675.0 cm-1 0.0 H-N-H bending modes 
 1665.4 cm-1 4.5 H-N-H bending modes 
 1663.7 cm-1 1.6 H-N-H bending modes 
 1646.7 cm-1 0.0 H-N-H bending modes 
 1077.9 cm-1 1.64 umbrella motion 
 1047.7 cm-1 0.0 umbrella motion 
 440.9 cm-1 0.3 deformation modes 
 222.7 cm-1 0.0 deformation modes 
 146.2 cm-1 0.2 deformation modes 
 101.0 cm-1 0.0 deformation modes 
 82.9 cm-1 15.7 deformation modes 
 77.9 cm-1 207.7 deformation modes 
 3150.2 cm-1  H-N-H bending overtones 
 3131.6 cm-1  H-N-H bending overtones 
 3267.2 cm-1  H-N-H bending overtones 
NH3-H2O 3882.1 cm-1 54.1 OH stretching* 
 3545.6 cm-1 175.0 OH stretching (H-bonded) 
 3410.9 cm-1 35.3 NH asymmetric stretching 
 3389.2 cm-1 33.0 NH asymmetric stretching 
 3305.0 cm-1 155.31 NH symmetric stretching 
 1664.9 cm-1 0.9 HNH-HOH bending 
 1659.0 cm
-1 1.7 H-N-H bending 
1641.7 cm-1 1.0 HNH-HOH bending 
 1085.5 cm-1 0.72 umbrella mode 
 684.5 cm-1 0.0 HNH-HOH deformations 
 445.2 cm-1 0.3 HNH-HOH deformations 
 199.1 cm-1 0.1 HNH-HOH deformations 
 177.4 cm-1 0.1 HNH-HOH deformations 
 162.4 cm-1 35.3 HNH-HOH deformations 
 71.1 cm-1 66.7 HNH-HOH deformations 
 3000.0 cm-1  bending overtones 
 3089.6 cm-1  bending overtones 
 3166.8 cm-1  bending overtones 
Solvated 
NH3 
3755.5 cm-1 66.0 OH stretching * 
 3739.4 cm-1 100.7 OH stretching* 
 3700.0 cm-1 89.3 OH stretching* 
 3659.6 cm-1 83.8 OH stretching* 
 3624.0 cm-1 83.8 OH stretching* 
 3601.4 cm-1 63.8 OH stretching* 
 3507.0 cm-1 55.0 OH stretching* 
 3597.3 cm-1 51.0 OH stretching* 
 3562.0 cm-1 74.1 OH stretching 
 3501.0 cm-1 24.6 OH stretching 
 3490.9 cm-1 86.9 OH stretching 
 3496.8 cm-1 34.0 OH stretching 
 3525.9 cm-1 69.8 OH stretching 
 3470.0 cm-1 16.3 OH stretching 
 3489.5 cm-1 77.9 OH stretching 
 3421.4 cm-1 112.4 OH stretching 
 3488.9 cm-1 77.8 OH stretching 
 3434.2 cm-1 37.7 asymmetric NH stretching 
 3376.3 cm-1 38.6 asymmetric NH stretching 
 3299.6 cm-1 74.5 OH stretching 
 3263.3 cm-1 48.3 OH stretching 
 3249.7 cm-1 145.8 symmetric NH stretching 
 3225.9 cm-1 65.7 OH stretching 
 3173.5 cm-1 145.5 OH stretching 
 3058.5 cm-1 81 OH stretching 
 2971.4 cm-1 119.8 OH stretching 
 2966.9 cm-1 194.9 OH stretching 
 
Table ST1. Full spectrum of ammonia related formations from DFT calculations. *OH that is not 
H-bonded. 
 
 
 
Figure SF1. (a) Spontaneous Raman spectra of water and 1000 ppm ammonia solution. (b) 
Zoomed part of spontaneous Raman spectra around NH3 symmetric mode. 
 
 
 
 
 
 
 
 
Figure SF2. Direct comparison of confocal imaging and wide-field detection approach. 
 
 
 
 
 
 
 
 
 
 
 
 
Formation Parameter Value 
NH3 
Spectral position 3409.0 cm-1 
Amplitude 36.8 
 Width 200 cm-1 
 Spectral position 3309.8 cm-1 
 Amplitude 155.8 
 Width 30 cm-1 
NH3-H2O Spectral position 3545.6 cm-1 
 Amplitude 175 
 Width 200 cm-1 
 Spectral position 3410.9 cm-1 
 Amplitude 35.3 
 Width 200 cm-1 
 Spectral position 3389.2 cm-1 
 Amplitude 33.0 
 Width 200 cm-1 
 Spectral position 3305.0 cm-1 
 Amplitude 155.31 
 Width 200 cm-1 
 
 
Table ST2. Parameters used for simple Gaussian visualization. No fitting has been done. 
 
 
 
 
 
 
 
Figure SF3. SERS spectrum of 25 ammonia solution and water in different spots on substrate. 
Line at ~2900 cm-1 has no concentration correlation similar to line at 3260 cm-1. 
 
Figure SF4. Normalized SERS spectrum of water, ethanol overlaid with spontaneous Raman 
spectrum of ethanol. Line position and spectral structure indicates contamination of SERS 
substrate with organic compound sporadically distributed on substrate. SERS spectra clearly 
shows broadened lines with respect to spontaneous Raman signals, which is expected for 
molecule-metal interaction. 
 
 
 
 
Figure SF5. SERS on Ag plasmonic structures allows detection of both increase and decrease of 
the amount the ammonia. 
 
p.p.b. p.p.m. mg/L mmol/L Number of molecules
50 0.05 2.936 5*10-6 3106 
100 0.1 5.872 1*10-5 6212 
500 0.5 29.358 5*10-5 31062 
1000 1 58.717 1*10-4 62124 
2000 2 117.433 2*10-4 124249 
 
Table ST3. Conversion table. Simple approximation of amount of molecule in confocal volume. 
